Introduction
Sugarcane is a raw material of great versatility and economic viability. Its productive success is due to its easy adaptation to Brazilian climate and soil, and it is cultivated in the entire national territory. Brazilian production of sugarcane in 2013 was approximately 652 million tons, characterizing this culture as one of the major economic activities of the country. This product can be used in the manufacturing of many different products. One of them is sugar, with annual production of 40 million tons, followed by ethanol (25 million tons) and others (Companhia Nacional de Abastecimento, 2014) . In addition to those products, sugarcane juice is a very popular beverage in Brazil, and as long as properly exploited, it has a high market potential (Nogueira et al., 2009) .
Sugarcane juice, known in Brazil as "caldo de cana" or "garapa", is a non-alcoholic energy juice, which is very popular in Brazil and consumed particularly during the hottest periods of the year. The juice is obtained by extraction using electric roller mills and can be consumed pure or with acidic fruits, such as passion fruit. The current sugarcane market is characterized by street venders, almost always without the appropriate hygiene/sanitary conditions required for the handling of food products (Duarte et al., 2010) . Accordingly, the industrialization of sugarcane juice is an attractive alternative for the food industry, given that the processed product is not available on the market. Furthermore, the demand for high quality products has led the food industry to develop and improve nutritious products without the use of chemical preservatives and with sensorial attributes which are pleasing to the consumers (Nogueira et al., 2009) .
As an alternative to the traditional preservation methods, membrane separation processes allow the elimination of the conventional clarification stages and do not require the use of chemical agents or heat, reducing the energy costs associated with the processing. Thus, separation techniques involving thermolabile compounds, such as vitamins, are advantages since they preserve the sensorial and nutritional properties of the fresh product (lack of cooked flavor), which are important to the quality of the final product (Cassano et al., 2011; Moreno et al., 2012) .
Preliminary studies conducted by Rezzadori et al. (2013) showed good sensorial acceptance of microfiltered sugarcane juice with passion fruit pulp, reaching a level of acceptance of over 80%. In addition, cold-process membrane technologies represent an alternative to high-temperature treatments. Tangential microfiltration has been successfully applied to some highly thermosensitive juices, resulting in a microbiologically stabilized and clarified product that preserves most of the original aroma of the fruit.
However, membrane technology does have some limitations, such as low permeate flux, resulting from physicochemical Abstract Sugarcane juice with passion fruit pulp was clarified using microfiltration under different T (temperature), P (pressure), and V (tangential velocity). The effects of these processing parameters were evaluated applying a rotational central composite experimental design (RCCD) and response surface methodology (RSM). The tests were performed at a filtration pilot plant using a polyamide hollow-fiber membrane with an average pore diameter of 0.4 μm and filtration area of 0.723 m 2 . In addition, the resistances to the permeate flux during the microfiltration were investigated according to the series resistance. The final permeate flux ranged from 7.05 to 17.84 L·h . There was a rapid decline in flux (50%) in the initial stages of microfiltration. T and V were the major variables responsible for the flux increase. The concentration polarization showed the greatest influence on the flux decline, and highest values for the flux decline rate (λ) were found when low pressures were used. In the clarified juice there was a reduction in the contents of total solids, proteins, vitamin C, and acidity, while the soluble solids, pH, and ash contents did not change. Finally, membrane process could produce high quality filtered sugarcane juice with substantial flux and increased luminosity improving organoleptical properties.
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Microfiltration
The tests were carried out in a pilot microfiltration unit operating in crossflow mode with temperature and pressure control. An organic (polyimide) membrane in a hollow fibre configuration, with an average pore size of 0.4 µm and filtration area of 0.7 m 2 (PAM Membranas Seletivas, RJ, Brazil), was used.
This study was carried out employing a 2 3 rotational central composite design (RCCD) (Montgomery, 2005) , comprised of eight linear experimental runs with coded levels (-1 and +1), four axial runs (α=1.6818), and three runs with central values (0), totalizing 17 experimental runs. In order to obtain the best final permeate flux, the following independent variables were studied: pressure (P) (bar), tangential velocity (Vt) (m·s -1 ), and temperature (T) (°C), and their levels and codes are shown in Table 1 . The values for the independent variables were chosen based on preliminary studies and data available in the literature for similar products, as proposed by Nogueira & Venturini Filho (2007) and Carvalho et al. (2008) . Moreover, technical limitations of the equipment and the microfiltration membrane were also respected.
Experimental procedure
In each run, twelve litres of sugarcane juice were added to the feed tank of the pilot unit, varying the operational parameters according to the experimental design. An aliquot of the permeate was collected at regular intervals, and at the end of each run, samples of the permeate and the retentate were collected for the determination of analytical parameters.
After each sample processing, the membrane was cleaned using a CIP (clean-in-place) system, according to the manufacturer's recommendations. phenomena which occur during the process, i.e. concentration polarization, the formation of a polarized layer and fouling of the membrane (Mulder, 2006) . Systems operating with high permeate fluxes are of economic importance since they require smaller filtration areas. In order to achieve this, more studies are needed to evaluate the best operational conditions of the process.
The objective of this study was to clarify sugarcane juice with passion fruit pulp using different process conditions. The effects of temperature (°C), pressure (bar), and tangential velocity (m·s -1 ) were evaluated using the final permeate flux as a parameter applying a rotational central composite experimental design (RCCD). The resistances to the permeate flux during the microfiltration were also investigated, and the physicochemical characteristics of the clarified juice were evaluated under the best processing conditions.
Materials and methods

Raw materials
Sugarcane (Sacharum officinarum), cultivar SP 3250 (Tecnocana Tecnologia em Cana Ltda., SP, Brazil) and frozen pulp of the yellow passion fruit (Passiflora edulis) (DeMarchi Indústria e Comércio de Frutas Ltda., SP, Brazil) were used.
Juice preparation
The juice extraction was carried out using an electric roller mill (Maqtron, SC, Brazil). Immediately after extraction, 5% (m/m) of passion fruit pulp was added to the sugarcane juice in order to minimize the enzymatic browning reaction and improve sensorial characteristics. This concentration was selected based on studies by Prati et al. (2005) . ) with the real and coded values for the independent variables, and the values obtained for the initial flux (J i ) and the response final flux (J f ). Chemists, 2005) . The total carbohydrates were determined by difference, and the calorific value of the samples was calculated using the conversion factors according to the method described in RDC 360 (Brasil, 2001) . The pH measurements were carried out at 25°C with a potentiometer (QUIMIS Q 400A, SP, Brazil), and the soluble solids (°Brix) using refractometer readings at 20°C (QUIMIS Q767A1, SP, Brazil). All analyses were carried out in triplicate. The colour parameters were measured with a previously calibrated CR-400 colorimeter (Konica Minolta, Osaka, Japan), adjusted to operate with a D65 illuminant and an observation angle of 10°. Luminosity (L*), red colour intensity (a*), and yellow colour intensity (b*) were measured.
Statistical analysis
The data were evaluated using experimental design (DOE) and analysis of variance (ANOVA). The average and standard deviation were also determined, and the Tukey test was applied (5% significance). The software STATISTICA version 7.0 (Statsoft Inc., 2001) was used for the statistical analysis.
Results and discussion
Microfiltration
The results shown in Figure 1 , obtained from the experimental design (Table 1) , show the typical behaviour of a decline in the permeate flux during the first few minutes of the process due to phenomena which have been exhaustively studied in relation to membrane filtration processes. However, it was observed that regardless of the operational conditions, the permeate flux stabilized after 10 minutes of the process.
The phenomena involved in the reduction of the permeate flux observed in Figure 1 include concentration polarization, incrustation, and/or clogging of the membrane pores (Cassano et al., 2010) . According to Habert et al. (2006) , in operations with tangential flux there is generally an initial decline in the flux values which subsequently stabilize during the process.
During the first few minutes of the process, a reduction in the initial flux of over 55% was observed, characterizing concentration polarization. After 15 min of process, the flux dropped to a value which remained almost constant until the end of the experiment, which, according to Habert et al. (2006) , corresponds to the fouling consolidation stage. Table 1 shows the results of the flux observed in the 2 3 RCCD, obtained through the use of an experimental matrix comprised of 17 experimental runs. It is known that the economic viability and efficiency of clarification by membranes is evaluated mainly through the final permeate flux values. Therefore, the initial and final fluxes are presented. In many cases, the latter values were obtained after 1 h of filtration. where: V P is the permeate volume (L) obtained in time t (h), and A P is the membrane permeation area (m 2 ).
The model of Constenla and Lozano (Constenla & Lozano, 1997) , described by Equation 2, was fitted to the experimental data for the permeate flux obtained for each run. The computational software Statistica 7.0 was used for the regression analysis of the experimental data to obtain the value for the flux decline rate λ (min where: J f is the final flux, J i the initial flux, λ the flux decline rate, and t the filtration time.
Analysis of the resistance to permeate flux
The resistances were calculated for each run according to Jiraratananon and Chanachai (1996) . The resistances which affect the flow rate, the fouling and polarization, were determined based on the cleaning of the membrane using water. The total resistance R T (m ), the permeate viscosity μ P (mPa.s) and the pressure P (bar) (Equation 3).
The membrane resistance R M (m -1 ) was calculated, using pure water as the flux through a clean membrane Jw, as shown in Equation 4.
The resistance promoted by fouling R F (m -1 ) was determined by Equation 5 using the pure water flux after processing and rinsing with water J WF (L·h -1 ·m -2 ) to remove the reversible barriers (concentration polarization and polarized layer), leaving only the incrustation caused by the fouling.
Since R T (m -1 ) is the sum of all of the resistances, the resistance caused by concentration polarization R P (m -1 ) was obtained by difference, as shown in Equation 6.
Physicochemical analysis
The samples were analysed to determine the total solids content (g·100 mL ) were significant at the 95% level.
Constenla and Lozano model
Values for the flux decline rate (λ) and the coefficient of determination (R 2 ) were obtained for each study condition and are shown in Table 3 . The flux decline rate (λ) is related to the accentuation of the decrease in the permeate flux and, in most cases, the higher the value of (λ), the steeper the curve at the beginning of the process. . The high content of carbohydrates present in sugarcane may explain, in part, the low fluxes obtained since they potentially cause fouling in processes in which membranes are used (Gan, 2001 ).
The effects of the pressure, tangential velocity, and temperature on the fluxes were estimated by statistical analysis of the results and are represented by the Pareto chart shown in Figure 2 . It can be observed that the variables show a significant effect (p < 0.05) on the final permeate flux were the temperature (L = linear) and the tangential velocity (L). This means that the higher the value for the effect observed, the greater the influence on the response. The linear effects of temperature and velocity were positive, indicating that with an increase in temperature or tangential velocity, the final flux values increase.
The positive effect of the increase in the temperature on the final flux was expected since higher temperatures reduce the viscosity of the juice and increase its ability to permeate through the membrane (Mulder, 2006) . Furthermore, the temperature affects the mobility of the polymeric chains of the membrane, making the polymeric material more flexible, allowing larger species to permeate the membrane (Goosen et al., 2002) . However, the variation in the temperature of the feed stream must be applied following certain criteria in order to avoid the degradation or loss of the product nutrients. The temperature limit also needs to be established as a function of the thermoresistance of the membrane and economic aspects related to the energy consumption.
The effect of the tangential velocity on the final flux can be explained by the fact that this parameter generates a shear force on the membrane surface, reducing the formation of the polarized layer, and also by the turbulence generated, which increases the mass transfer, resulting in greater fluxes (Jiraratananon & Chanachai, 1996) . High tangential velocity tends to prevent fouling and facilitate the subsequent membrane cleaning process. However, the increase in the tangential velocity requires more energy, and thus the optimum operation 
Determination of the resistances to permeate flux
According to Table 3 , it can be seen that most of the flux resistance is attributable to concentration polarization and the polarized layer (51.3 to 82.66%), while the resistance due to fouling is responsible for 2.06 to 43.26%, and the resistance rate of 0.1305 to 0.1481·min -1 were found when low pressure was used in combination with low tangential velocities and temperatures (runs 4, 6, 8, 13 and 15) . Under these conditions, the initial flux was low and stabilized within a short period, probably due to insufficient turbulence to promote high removal of particulates and to the likely increase in the concentration of macromolecules on the membrane surface. However, in run 2, even with low pressures, the flux decline rate was greater. This occurred due to the high initial flux, followed by a reduction of approximately 50 % in the flux in the first moments of the process.
In general, the flux decline rate is slightly higher (0.1732 to 0.2077 min -1 ) when there is an increase in the driving force, that is, an increase in the pressure. This leads to a higher initial flux and the tendency toward fouling (runs 1, 3, 5, 7, and 12). Figure 3 shows the fitting of the data from run 1 (Pt = 4 bar; Vt = 0.87m·s -1 , and T = 45 °C) using the model of Constenla and Lozano. It can be observed in Figure 3 that this model explains well the behaviour of the flux values. This tendency had been previously observed through the analysis of the R² values. The graph also shows that this model is predictive for the whole range of the process. The other runs showed similar behaviour, as can be observed from the R 2 values shown in Table 3 . highly perishable. The addition of 5% passion fruit pulp to the sugarcane juice led to a drop in the pH value to 4.11 and, consequently, an increase in the acidity. The acidity is an important characteristic in terms of microbial control.
The microfiltration of the sugarcane juice with passion fruit pulp resulted in a permeate with slightly lower values (p > 0.05) of total solids, proteins, and carbohydrates. According to Carvalho et al. (2008) , it is common for some of the product constituents to reduce during the clarification process using membranes, particularly those of higher molar mass such as pectin and starch. In general, it can be observed that the original sugarcane juice with passion fruit pulp and the microfiltered juice did not show significant differences (p > 0.05) in their composition. However, regarding the acidity, there was a reduction of around 62 % (0.043 to 0.027 mg citric acid·100 mL -1 ), indicating that during the microfiltration process there is a concentration of non-dissociated acids without changing the concentration of hydrogen ions (Ushikubo et al., 2007) .
The results of the parameters L*, a*, and b* of the different sugarcane juice samples also are given in Table 4 . It can be observed that the sugarcane juice in the permeate stream has a greater luminosity in relation to the natural sugarcane juice and the retentate stream (p < 0.05), the L* value was higher by a factor of approximately 2. This tendency was expected since the microfiltration retains a large part of the macromolecules (starches and pectins) responsible for the turbidity. Nevertheless, the luminosity of all samples had a tendency to be dark (the L* scale varies from 0 to 100, from black to white), which may be related to the occurrence of enzymatic darkening reactions which lead to the formation of dark coloured compounds in the sugarcane juice immediately after extraction.
The a* values indicated that all of the samples tended toward a light green colour since the values obtained were negative but very close to zero. All of the samples had a b* value which indicated a tendency toward a yellow colour. Furthermore, a reduction in the b* value of around 65% was observed after caused by the membrane represented only 1.81 to 5.37% of the total resistance.
It can also be observed in Table 3 that, in general, there is an increase in the resistance caused by concentration polarization and by the polarized layer when greater pressures are used (runs 1, 3, 5, 7, 11 and 12) . As the pressure increases, the deposition of solutes on the membrane surface can occur, increasing the thickness of the polarized layer and, consequently, leading to an increase in the resistance. The strong influence of the resistance caused by concentration polarization and by the polarized layer, in this study, may be related to the presence of polysaccharides which are naturally present in sugarcane juice. According to Youn et al. (2004) , polysaccharides, proteins and colloidal material are present in the solid fraction of juices. Thus, with an increase in the concentration of these constituents, crystals or gels are formed which, in turn, accumulate on the surface forming a secondary filtration layer that enhances the increase in the flux resistance.
It can also be noted that the total resistance to the permeate flux decreased with high temperatures and tangential velocities and also with lower pressures (runs 2, 6, and 13). This behaviour can be explained by the reduction in viscosity and increase in turbulence inside the channels of the hollow fibre module and the lower compaction of the polarized layer, generating less resistance to flow. , and lower total resistance to the permeate flux, this run was selected for the evaluation of the physicochemical analysis.
Physicochemical analysis
As shown in Table 4 , the soluble solids content (SS) was 19.35 °Brix, and sugarcane juice was shown to be slightly acid, with a pH close to 5.4. These pH values associated with the presence of high concentrations of sugars make the product 
Conclusions
The results obtained in the experimental design suggest that certain processing conditions, such as, a temperature of 45 °C and tangential velocity of 0.87 m·s -2 , may increase the permeate flux since the temperature and tangential velocity showed positive effects on the final permeate flux. The mathematical model proposed by Constenla & Lozano (1997) provided a good fit with the experimental data for the permeate flux and showed that the low pressure caused highest flux decline at the beginning of filtration. In general, the values for the flux decline rate were greater when higher pressures were applied. The resistance caused by concentration polarization and the polarized gel layer was, in most cases, the most important resistance. This phenomenon is reversible by cleaning with water and it does not change the membrane lifespan, such as fouling. There was a slightly increase in retention of soluble solids, protein, and carbohydrates when compared to the original sugarcane juice. In addition, the microfiltered juice had greater luminosity and a slight tendency toward a yellow colour, yet not expressively modifying the original aspect of the sugarcane juice. Therefore, it can be inferred that microfiltration is a viable technique to clarify sugarcane juice using milder temperature, resulting in lower energy costs and the maintenance of the product sensory characteristics. 
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